T he use of precast concrete in building frames has a number of attractive features such as better quality control of the product and savings in formwork and construction time. The basic problem in the design ofearthquake resistant building structures incorporating precast concrete elements is in finding an economical and practical method for connecting the precast elements together. The connection between the elements should ensure satisfactory strength and stiffness against seismic loads and enable the structure to achieve the necessary ductility during cyclic loading in the inelastic range.
T he use of precast concrete in building frames has a number of attractive features such as better quality control of the product and savings in formwork and construction time. The basic problem in the design ofearthquake resistant building structures incorporating precast concrete elements is in finding an economical and practical method for connecting the precast elements together. The connection between the elements should ensure satisfactory strength and stiffness against seismic loads and enable the structure to achieve the necessary ductility during cyclic loading in the inelastic range.
Composite systems of concrete buildings, combining precast and castin-place (cast in situ) reinforced concrete, have a number of advantages in construction. The incorporation of precast concrete elements has the advantage of high quality control and speed of construction, and the cast-in-place reinforced concrete provides the structural continuity and the ductility necessary for adequate seismic performance.
A building system which has become popular in New Zealand involves the use of precast concrete beam shells as permanent formwork for beams. The precast shells are typically pretensioned prestressed concrete U-beams and are left permanently in position after the cast-in-place reinforced concrete core has been cast. The precast U-beams support the self weight and construction loads and act compositely with the reinforced concrete core when subjected to other loading in the finished structure. The precast U-beams are not connected by steel to the cast-in-place concrete of the beam or column,
The typical structural organization of a building floor and frame system incorporating the precast pretensioned Ubeam units is shown in Fig. 1 . Current construction practice is to support the U-beam units on the cover concrete of the previously cast reinforced concrete column below, with a seating of 40 to 50 mm (1.6 to 2.0 in.) and to place a proprietary precast concrete floor system between the U-beams of adjacent frames.
Some propping may be provided under the ends of the U-beam units as a back-up measure in case the U-beam seating on the column should prove inadequate to carry the construction load. Once the precast floor system is in place, the reinforcement may be placed, and the in-place concrete cast, inside the beam units, the topping slab and the columns of the next story. The section of the composite beam in the finished structure is shown in Fig. 2 . Precast concrete columns have sometimes been used rather than cast-in-place concrete columns.
The precast prestressed concrete U-beam illustrated in Fig. 2 has webs tapered from the bottom to the top, to ensure ease of removing internal formwork when precast. The inside surface is intentionally roughened, by the use of a chemical retarder and the removal of the surface cement paste, to facilitate the development of interface bond between the precast U-beam concrete and the cast-in-place concrete core.
The U-beams are pretensioned with seven-wire strands and are designed to carry at least all of the self weight and imposed loads during construction. Note that the strands terminate in the end of the U-beam and hence are not anchored in the beam-column joint regions of the frames.
Initially in New Zealand, precast concrete U-beams were principally used in
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The performance of cast -in-place reinforced concrete moment resisting frames incorporating precast prestressed concrete U-beam shells, subject to seismic loading, is investigated. The precast beams act as permanent formwork and are not connected by steel to the cast-in-place concrete of the beam or column.
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the construction of low rise buildings in which the horizontal seismic loads are resisted primarily by other elements such as totally cast-in-place reinforced concrete structural walls or frames. An early example of this type of construction is the Karioi Pulp Mill' (see Fig. 3 ).
Recent trends have seen this form of composite beam construction used in multistory moment resisting reinforced concrete framed structures. In this application, the composite beams are required to be adequately ductile to act as the primary energy dissipating members during seismic loading. Doubts have been expressed by some designers and building officials concerning the ability of this form of composite construction to be able to fulfill that demand. This paper reviews seismic design considerations for frames with such composite beams. The results of tests 
SEISMIC DESIGN CONSIDERATIONS
In the design of structures for earthquake resistance, a prime consideration. is to ensure that the structure is capable of deforming in a ductile manner when subjected to several cycles of horizontal loading well into the inelastic range. This is because it is generally uneconomical to design a structure to respond in the elastic range to the large horizontal inertia loads induced by the greatest likely earthquake.
The recommended level of seismic design loads in codes is generally significantly lower than the elastic response inertia Ioads during severe earthquakes and the structure may be required to undergo horizontal displacements which are four to six times the horizontal displacement at the commencement of yielding of the frame. The ratio of the maximum displacement to the displacement at first yield is commonly referred to as the displacement ductility factor.
Ideally, the design concept for moment resisting frames should aim at dissipating seismic energy by ductile flexural yielding at chosen plastic hinge regions when the structure is subjected to the seismic design loads. The rest of the frame should be made sufficiently strong to ensure that it remains in the elastic range when flexural yielding occurs at the chosen plastic hinge locations. This means ensuring that shear failures and bond failures do not occur and that the preferred energy dissipating mechanism forms. Mechanisms involving flexural yielding at plastic hinges are shown in Fig. 4 . If yielding commences in the column before it occurs in the beams, a column sidesway mechanism can form as illustrated in Fig. 4b . Such a "soft story" mechanism can make very large curvature ductility demands on the plastic hinges of the critical story, particularly in the case oftall buildings.
On the other hand, if yielding occurs in the beams before it begins in the columns a beam sidesway mechanism, illustrated in Fig. 4c , can develop which makes more moderate demands on the curvature ductility required at the plastic hinges in the beams and at the column bases, even for tall frames. There-
• Plastic hinge
Bending ®®^ moment fore, for tall frames, a beam sidesway mechanism is the preferred mode of inelastic deformation and a strong column-weak beam concept is advocated to ensure beam hinging. For frames with less than about three stories, and for the top story of tall frames, the curvature ductility required at the plastic hinges if a column sidesway mechanism develops is not particularly high. Hence, for one-and two-story frames, and in the top story of taller frames, a weak column-strong beam concept can be permitted 4.S,6 This approach would protect the composite beams from damage during seismic motions.
However, for tall frames where a strong column-weak beam concept is necessary, the composite beams will need to be designed for adequate ductility. Seismic design considerations for moment resisting frames when plastic hinges form in the composite beams are discussed in the following sections.
Flexural Strength of Beams
The critical section for fkcxure in beams in moment resisting frames subjected to gravity and seismic loading is at or near the beam ends. In frames where gravity loading effects dominate, the critical sections for positive moment due to gravity plus seismic loading may occur in the beams away from the column faces. The critical negative moment sections will always occur at the beam ends. A distinctive feature of the behavior of the composite beam-column connection shown in Fig. 1 is that the prestressing strands of the precast concrete U-beam terminate at the end of the U-beam and hence are not anchored in the beam-column joint core.
The negative moment flexural strength at the end of the composite beam will be aided by the presence of the U-beam since the bottom flange of the U-beam will bear in compression against the cast-in-place column concrete (see Fig. 5b ). Hence, the upper limit of the negative moment flexural strength at the ends of the beam will be that of the composite section. However, should the beam end bearing on the column concrete and/or the interface bond between the cast-in-place and precast beam concrete break down during seismic loading, the available negative moment flexural strength will reduce to less than the composite section value. The lower limit of negative moment flexural strength at the beam ends is that provided by the cast-in-place reinforced concrete core alone. The negative moment flexural strength away from the ends will be that due to the composite section.
The positive moment flexural strength at the end of the beam will be provided only by the longitudinal reinforcement and the cast-in-place concrete in the beam core and slab topping (see Fig.  5a ). Away from the beam ends there will be some contribution from the precast prestressed U-beam to the positive moment flexural strength, but a full contribution from the prestressing strands (and hence full composite action of the section) can only occur at a distance greater than approximately 150 strand diameters from the beam end, which is the order of length required to develop the tensile strength of the strand.
Hence, the dependable negative and positive flexural strengths of the composite beam at the beam ends should be taken as that provided only by the cast-in-place reinforced concrete beam core.
Plastic Hinge Behavior of Beams
The length of the plastic hinge region in the beams is of interest in seismic design since the plastic hinge length has a significant effect on the level of displacement ductility factor which can be achieved by frames. Longer plastic hinge lengths lead to greater available displacement ductility factors for a given ultimate section curvature .3 In a conventional reinforced concrete frame the length of the beam region over which the tensile reinforcement yields is typically about equal to the beam depth and several flexural cracks will form in that region.
In the composite system considered here, in which there is no connection by steel between the end of the precast prestressed U-beam and the column, the length of the region of reinforcement yielding at the end of the composite beam when the bending moment is positive will be less than for a beam in a conventional reinforced concrete frame. This is because when positive moment is applied, the first crack to form will be at the contact surface between the end of the precast U-beam and the face of the column. It is possible that positive moment plastic rotations will concentrate at this one cracked section, since significant cracking may nut occur in the flexurally stronger adjacent composite sections during subsequent loading.
if the flexural cracking in the beam during positive bending moment does concentrate at the column face, the consequence would be higher beam curvatures in the plastic hinge region than for conventional reinforced concrete members. Hence, the concrete there would be subjected to high localized compressive strains and the longitudinal reinforcement in the beam there would suffer high localized plastic tensile strains which would perhaps lead to bar fracture when significant plastic hinge rotation occurs. Further, the extensive widening of that crack at large plastic hinge rotations may mean that the shear resistance mechanism due to aggregate interlock along the (vertical) crack will break clown, leading to sliding shear displacements along that weakened vertical plane.
These opinions concerning the plastic hinge behavior during positive moment have resulted in reservations being expressed by some designers about the performance of this type of composite beam when required to act as primary energy dissipating members during seismic loading.
The possible shortening of the length of the region of reinforcement yielding only applies when the beam moment is positive. When the beam moment is negative, the behavior should be similar to a conventional reinforced concrete beam, since the top of the cast-in-place concrete core does not have the precast U-beam surrounding it and the plastic hinge region should be able to spread along the beam.
One possible approach, aimed at improving the plastic hinge behavior during positive moment, would be to construct a composite beam in such a manner that in the potential plastic hinge re- gions at the ends of the beam the bond at the interface between the precast prestressed U-beam and the cast-in-place concrete core is intentionally eliminated. The effect of such a detail would he to allow the plastic hinge region to spread along the cast-in-place concrete beam core without hindrance from the U-beam, and so avoid the possible concentration of the beam plastic hinge rotation in the region close to the end of the beam.
In the plastic hinge regions of the beams the reinforced concrete cast-inplace core should have longitudinal and transverse reinforcing steel which is detailed according to the seismic design provisions for reinforced concrete ductile frames. This typically means a limitation on the maximum area of tension steel, the presence of compression steel with an area of at least one-half of the area of tension steel, and stirrup ties with a close spacing so as to confine the compressed concrete and to prevent buckling of longitudinal bars and shear failure.
In the New Zealand concrete design codes the spacing of stirrup ties in the potential plastic hinge regions of beams is required not to exceed the smaller of one-quarter of the effective depth of the beam or six longitudinal bar diameters or 150 mm (6 in.). The potential plastic hinge region is taken to extend over a length equal to twice the overall beam depth.
Shear Strength of Beams
In the plastic hinge regions at the ends of composite beams the cast-inplace reinforced concrete core will need to resist all the applied shear force alone, if the bond at the interface between the precast U-beam and the cast-in-place concrete breaks down or if the bond is intentionally eliminated. Therefore, the beam core should be designed to have sufficient transverse reinforcement to resist the design shear force, using the seismic design provisions for reinforced concrete ductile frames. Away from the ends of the beam, the whole composite section may be considered to provide shear resistance.
In order to avoid a shear failure, and hence to ensure that ductile plastic hinging of the beams can occur during severe seismic loading, the design shear force for the beams should be that associated with the likely beam overstrength in flexure. To calculate the likely upper limit of flexural overstrength of the beam, composite action should be assumed in plastic hinge regions where negative moment is applied, since the flange of the U-beam can act as the compression zone of the composite member, as previously discussed.
However, for positive bending moment in plastic hinge regions at the ends of the member, only the cast-in-place reinforced concrete beam core need be considered. If positive moment plastic hinges form away from the beam ends, the composite section flexural strength should he used if the interface shear and strand development length requirements are satisfied.
The stirrup ties provided in the potential plastic hinge regions of the beams should be capable of resisting the entire design shear force by truss action alone, since the shear carried by the concrete, Vr , diminishes during severe cyclic loading. That is, V. tends to zero due to a breakdown in the shear transferred by dowel action of the longitudinaI bars, by aggregate interlock, and across the compression zone.
Interface Shear Transfer Between Precast U-Beam and Cast-in-Place Concrete Core
Composite action of the beam can only occur if shear can be transferred across the interface between the adjoining precast and cast-in-place concrete surfaces with practically no slip. Shear stress is transferred across the interface of concrete surfaces by concrete adhesion, interlock of mated roughened contact surfaces, and friction.
Friction is reliant on a clamping force orthogonal to the contact plane. In the composite beam detail, reinforcement does not cross the contact surface and therefore does not provide a clamping force. Some small clamping force may be generated on the side faces of the cast-in-place concrete core by the Ubeam webs resisting dilation caused by relative shear movement along the roughened contact surfaces. Nevertheless, it would seem appropriate to ignore friction and to rely only on shear transfer by adhesion and interlock of the mated roughened contact surfaces.
The imposed shear stresses at the interface of the contact surfaces of the U-beam and the cast-in-place concrete core are the summation of stresses from a number of sources. The imposed hori-zontal shear stresses at the interface of contact surfaces between the U-beam and cast-in-place concrete core during positive bending moment arise from the transfer of the prestressing steel tension force from the U-beam to the core, and during negative bending moment arise from the transfer of the reinforcing steel force from the core to the U-beam flange.
The horizontal interface shear stress could be found from V. Ibc d, where VV = vertical shear force at factored (ultimate) load bn = total width of interface (two sides plus bottom surface) and d = effective depth of composite section This is a simplistic approach to the more complex real behavior of the Ushaped interface.
The imposed vertical shear stresses at the interface during service loading arise from the superimposed live loads being supported by the floor system. The service live loads need to be transferred from the U-beam unit, on which the floor system is seated, to the castin-place concrete core by vertical shear stresses across the interface (see Fig. 2 ). The self weight of the U-beam unit, the precast concrete floor system, and the cast-in-place concrete core and floor topping during service loading are carried by the U-beam alone and therefore will not cause vertical shear stresses at the interface.
However, the transfer of vertical shear stresses across the interface will be more critical at the factored (ultimate) load if the end support of the U-beam in the column cover concrete is lost during seismic loading. In that case the vertical shear stresses will arise from the self weight of the U-beam, the precast floor system and the cast-in-place concrete core and floor topping, as well as from the live loads. This more critical case at ultimate should he used to determine the design vertical shear stress at the interface.
In the New Zealand concrete design codes an interface shear of 0.55 MPa (80 psi) is permitted at the factored (ultimate) load for interfaces that have no cross ties, but have the contact surfaces cleaned and intentionally roughened to a full amplitude of 5 mm (0.2 in.). A design approach to check interface shear transfer when the inside face of the precast U-beams have been so roughened would he to find the vector sum of the imposed design horizontal and vertical shear stresses at the interface at the factored (ultimate) load and to ensure that it is less than 0.55 MPa (80 psi).
Columns
Seismic design provisions for reinforced concrete ductile frames should be used to determine for the columns the longitudinal reinforcement required for flexure and axial load, and the transverse reinforcement required for shear, concrete confinement and restraint against buckling of longitudinal bars.
For tall frames a strong column-weak beam concept is adopted, in order to prevent as far as possible a column sidesway mechanism (soft story) from occurring during a major earthquake. Hence, the column bending moments found from elastic frame analysis for the code factored (ultimate) load combinations need to be amplified to give a higher column design moment, to take into account the likely beam overstrength in flexure, the higher mode effects of dynamic loading which can cause much higher column moments than calculated from code static loading, and the possible effect of seismic loading acting along both principal axes of the building simultaneously,3.4.5.6
Similarly, the column shear forces found from elastic frame analysis for the code factored (ultimate) load combinations need to be amplified to give a higher design shear force so as to avoid the possibility of brittle shear failure of the columns, Transverse reinforcement in the column ends is also necessary to provide flexural ductility there, since the amplified column design moments may not be sufficiently high to eliminate the possibility of some column hinging. In particular, a transverse bar spacing of not more than six times the longitudinal bar diameter to prevent premature buckling of compression steel is an important requirement.
Beam -Column Joints
The design shear forces for the beam-column joint cores can be based an the overstrength internal forces from beams.
During negative bending moment, the greatest beam flexural strength arises from composite action when the precast U-beam flange transfers most of the compressive force in the beam to the joint core by direct bearing against the column. Then both the upper and lower layers of longitudinal reinforcement in the beam may be in tension. A joint core diagonal compression mechanism involving two struts which transfer part of the joint core forces is shown in Fig, 5b .
One strut forms between the bends in the upper tension steel and the lower concrete compression zone. The other strut forms at a shallow angle to the horizontal between the bends in the lower tension steel and the lower compression zone. Should the flange of the precast U-beam cease to transfer compression to the column during seismic loading, the negative beam moment will be due to the cast-in-place concrete core alone and the joint core behavior will be that of a conventional reinforced concrete frame.
During positive bending moment, the cast-in-place reinforced concrete alone transfers the beam forces to the beamcolumn joint core. Hence, for positive moment in the beam the joint core behavior is that of a conventional reinforced concrete frame. A diagonal compression strut mechanism which transfers part of the joint core forces is shown in Fig. 5a .
It is apparent that the code approach for the design of cast-in-place reinforced concrete beam-column joints could be used ignoring forces from possible composite beam action. That is, the design horizontal joint core shear forces could be found for the cast-in-place concrete beam acting alone. This assumption is obvious for positive beam moments but is an approximation for negative moments, However, for negative beam moments the upper layers of bars introduce the horizontal joint core shear force over the greatest part of the core depth. The horizontal shear force introduced by the lower layers of bars may be assumed to he equilibrated by the very shallow diagonal compression strut shown in Fig. 5b if those bars are in tension.
The joint core mechanism resisting the applied forces is made up partly by the diagonal compression strut mechanisms described above and partly by a truss mechanism involving transverse hoop reinforcement and intermediate column bars, During cyclic loading in the inelastic range the joint core shear transferred by the diagonal compression strut mechanism decreases, mainly due to the presence of full depth cracking in the beam at the column face, and the shear transferred by the truss mechanism increases.s'fi
TEST PROGRAM
Three full-scale composite beamexterior column units have been tested2 to assess the seismic performance characteristics of the composite frame system described. The overall dimensions of the units are shown in Figs. 6, 9 and 10. For ease of construction of the units, the T-beam flanges typically resulting from the presence of the cast-in-place concrete floor topping were not modelled.
. All units were designed using the New Zealand concrete design codes with the addition of the suggested supplementary seismic design recommendations where necessary as discussed in the previous section. The strength reduction factors were taken as di = 1 in all calculations and the overstrength factor for the longitudinal beam reinforcement, used for the calculation of the design shear forces, was taken as 1.25.
Details of Test Units
Unit 1 was detailed using code provisions for seismic loading, with a potential plastic hinge region in the beam adjacent to the column face. Unit 2 was not detailed for seismic loading, being designed using code provisions for gravity loading only. Unit 3 was detailed using code provisions for seismic loading and was identical to Unit 1 in all respects except that the interface between the precast U-beam and cast-in-place concrete core in the potential plastic hinge region was deliberately dehonded in an attempt to improve the plastic hinge behavior. The details of the reinforcement in all units is shown in Figs. 9 and 10.
The interior surfaces of all precast U-beams had been roughened with an amplitude typically of 3 mm (0.12 in.). This surface roughness was achieved by chemical retarding of the interior surface after initial set and then removal of the surface cement paste from around the aggregate by washing with water and wire brushing.
The in-place concrete of the units was cast in the same orientation as for a prototype structure and according to anticipated site practice. There were two pours of in-place concrete for each unit. First, the lower column was cast up to the height where the precast U-beam would be seated on it. The precast Ubeam was placed on the edge of the top surface of this column pour when concrete strength was gained (see Fig. 7 ). In . the next pour the beam core, beamcolumn joint and upper column were cast. Each unit was damp cured for not less than 7 days. The precast U-beams were supplied by a precasting firth. The debonded plastic hinge region in the beam of Unit 3 was achieved by fixing a 3.5 mm (0.14 in.) thick sheet offoam rubber to the inside face of the precast U-beam, over a length equal to the depth of the cast-in-place core, before casting the in-place concrete core. Fig. 8 shows the details of the debonded region.
Intermediate strength steel with a specified yield strength of 275 MPa (40,000 psi) was used for the beam longitudinal reinforcement and all transverse reinforcement. High strength steel with a specified yield strength of 380 MPa (55,000 psi) was used for the column longitudinal reinforcement. The measured concrete and steel strengths are shown in Table 1 .
The steel ratio provided by the top longitudinal reinforcement in all the beams was 1.83 percent based on the b and d dimensions of the beam core. The steel ratio provided by the bottom longitudinal reinforcement in the beams was 1.42, 0.47 and 1.42 percent for Units 1, 2 and 3, respectively, based on the b and d dimensions of the beam core.
When the level of column axial load was 0.1 A,, f f where f f is the concrete compressive cylinder strength and A e is the gross area of the column, the sum of the ideal flexural strengths of the column sections above and below the beam was 1.59 times the beam section ideal flexural strength, where the ideal flexural strength is that calculated using the actual strengths of the steel and concrete arid assuming a strength reduction factor 0 of 1.0. The Commentary of the New Zealand concrete design codes re-quires the design column bending moments to be at least 1.8 times the bending moments found from elastic frame analysis for the code factored (ultimate) load combinations.
The Test Rig
Figs. 11 and 12 show the loading arrangements and test rig. By alternating the directions of the load at the end of the beam, earthquake loading was simulated. The loading cycles were applied statically. The axial load on the column during the tests was held constant at 0.1f, A 0. Superimposed dead loads were also applied to the beams to represent a 200 mm (7.9 in.) thick precast concrete voided slab floor with 65 mm (2.6 in.) thick concrete topping spanning between frames in the prototype building at 6.6 m (21.6 ft) centers. The positioning of the superimposed dead load was organized so that this load was applied only on the top horizontal surface of the precast U-beam webs, which is how the slab system in a real structure would be supported.
The New Zealand general design and loadings code' specifies that the performance of a ductile structural assembly is satisfactory for earthquake resistance if it retains at least 80 percent of its strength after being subjected to a minimum of four cycles of lateral loading to a displacement ductility factor of four in each direction. The displacement ductility factor p. is defined as the ratio of the maximum displacement A to the displacement at first yield A.
Note that in these tests, A, was taken as 1.33 times the beam end deflection measured at three-quarters of the theoretical flexural strength of the unit. This definition of,, although arbitrary, gives a convenient reference first yield displacement which assumes elastic behavior up to ultimate, as is also assumed in many dynamic analyses of the earthquake response of structures.
In these tests a gradual increase in the imposed displacement ductility factor p. = A/A" was chosen, to enable the behavior of the units to he examined at various ductility levels. The displacement controlled load cycles consisted of two cycles top. = ±1, four cycles toµ = 2, four cycles to p.+. _ ± 4, and two cycles to µ = ± 6.
Test Results
The beam end load versus beam end deflection hysteresis loops measured for the units are shown in Fig. 13 . In the figure the clashed lines marked +P{ and -Pf represent the loads at the theoretical ideal flexural strengths based on the beam core alone, and -Pi is the load at the theoretical ideal flexural strength based on the composite section, calculated using the measured material strengths and assuming a strength reduction factor ob of 1.0.
All theoretical ideal flexural strength calculations were conducted using the strain compatibility-equilibrium approach, incorporating the measured stress-strain curves for the prestressing steel and the reinforcing steel and assuming a rectangular concrete compressive stress block as in the ACI Building Code7 and an extreme fiber concrete compression strain of 0.003. Table 2 shows the maximum moments reached in the loading cycles as a percentage of the theoretical ideal flexural strengths. It is evident that in design the dependable flexural strength of the beams at the column face should be based an the cast-in-place concrete core alone.
Views of the units at the end of testing are also shown in Fig. 13 . At the final stages of testing there was spalling of concrete at the column face in the region of the beam seating. This damage could have been prevented if a gap had been formed between the sides and bottom of the precast U-beam and the cast-inplace column concrete.
cal resistance strain gauges on the longitudinal beam reinforcement indicated that at the completion of the test the length of beam over which yielding of the tension steel occurred was about one-half of the depth of the cast-in-place concrete core in the case of positive moment and slightly greater than the depth of the core for negative moment. Hence, the plastic hinge rotation did not concentrate in the beam at the column face and no undesirable concentration of curvature resulted. In Unit 1 the precast concrete U-beam became extensively cracked during the tests.
In Unit 3 the deliberate debonding of the interface concrete resulted in a longer measured plastic hinge length in the cast-in-place concrete core and the precast concrete U-beam was not damaged during the testing. Although both Units 1 and 3 displayed satisfactory ductile behavior during seismic loading, it may be considered that the dehonded construction used in Unit 3 is to be preferred if it is considered important to reduce the damage occurring to the precast concrete U-beam shell during severe seismic loading.
No ill effects from beam shear were observed in Units 1 and 3. The maximum applied nominal shear stress in the plastic hinge region of the beams, assuming the beam core carried all the The transverse steel in the potential plastic hinge regions of the beams was governed by spacing required by the code ductility provisions. The peak stress reached by the beam-column joint core shear reinforcement, measured by electrical resistance strain gauges, was 83 percent of the yield strength for Unit 1 and one hoop reached yield in Unit 3.
Units 1 and 3
Fig . 13a and c show that Units I and 3, which were designed for seismic loading, exhibited-very satisfactory strength and ductility characteristics. In addition, the hysteresis loops were not pinched and indicated satisfactory energy dissipation characteristics.
In Unit 1 there was a tendency for the plastic hinging to spread along the cast-in-place reinforced concrete core within the precast concrete U-beam, even during positive bending moment. The strain readings recorded by electri- Diagonal tension cracks were observed in the joint cores (see Fig. 13a and c) . The columns of both units remained in the elastic range with limited cracking during the tests.
Unit 2
Unit 2 was not designed for seismic loading. That is, the potential plastic hinge region was not detailed with closely spaced stimip ties for ductility. Extensive sliding shear displacements occurred along the vertical cracks in the beam at the face of the column as the test progressed, which was the main reason for the pinched hysteresis loops with low included area (see Fig. 13b ). In Unit 2 the spacing of stirrup ties in the potential plastic hinge region was 250 mm (9.8 in.) compared with the 100 mm (3.9 in.) spacing used in Units 1 and 3. Evidently, that spacing in Unit 2 was too large to assist dowel action of the longitudinal beam bars to prevent sliding shear from occurring at the column face.
The maximum applied nominal shear stress in the plastic hinge region of the beam, assuming that the beam core carried all the shear, was 0.29 , f,' MPa (3.5 vT psi). The stirrup ties provided were capable of resisting a nominal shear stress of 0.18 r7 MPa (2.2 psi) by the truss mechanism. Hence, the remaining nominal shear stress in the plastic hinge region needed to be carried by the concrete shear resisting mechanisms.
Also, in Unit 2 the area of longitudinal reinforcement in the bottom of the cast-in-place concrete core was only 0.47 percent of the core bd, where b is the beam core width and d is the beam core effective depth. The positive moment flexural strength of the beam core at the column face was insufficient to cause cracking of the precast U-beam when acting compositely with the core in the region adjacent to the column face. As a result, in Unit 2 the plastic rotation in the beam during positive bending moment was undesirably localized at a single crack at the column face.
It is evident that the steel ratios of the bottom reinforcement in the core should be higher than used in Unit 2 (it was 1.4 percent of the core bd in Unit 1) in order to improve the plastic hinge behavior. This points to the importance of having sufficient longitudinal reinforcement in the bottom of the cast-in-place concrete core to cause the precast part of the composite beam to crack during positive bending moment if bond exists between the U-beam and the core.
The hoops in the beam-column joint core remained in the elastic range during the tests. Diagonal tension cracking of the joint core occurred only during negative moment loading, since the positive moment joint core shears were too small to cause cracking, The column remained in the elastic range with limited cracking during the tests.
CONCLUSIONS
The theoretical considerations and test results from three full-scale beamexterior column test units subjected to simulated seismic loading lead to the fallowing conclusions:
1. A convenient building system for seismic resisting frames involves the combination of precast prestressed concrete U-beams acting compositely with cast-in-place reinforced concrete beam cores. The incorporation of precast concrete elements has the advantage of high quality control and speed of construction, and the cast-in-place reinforced concrete provides the structural continuity and ductility necessary for adequate seismic performance. Special attention to detailing in design is necessary to ensure that composite frames do perform in a ductile manner during severe seismic loading.
2. Code provisions do not cover all aspects of the design for ductile behavior under seismic loading for this type of construction. Proposals can be made for additional design recommendations where necessary to take into account the presence and directional influence of the precast prestressed concrete U-beam during severe seismic loading. A summary of design recommendations is given in Appendix A and a design example is provided in Appendix B.
3. When the composite beam is formed from a precast prestressed concrete U-bean► and a cast-in-place reinforced concrete core, and when the pretensioned strand in the U-beam is terminated at the beam end and is not anchored in the reinforced concrete column, the following conclusions from the test results with regard to seismic performance were reached:
(a) During seismic load reversals bond deterioration at the interface of the cast-in-place concrete core and the precast concrete U-beam, along with cracking of the precast concrete Ubeam, allow yielding of the longitudinal beam reinforcement to spread along a reasonable length of the cast-in-place beam core. Hence, an undesirable concentration of plastic hinge rotation does not occur at the beam crack at the column face and satisfactory ductile behavior is achieved. However, a sufficient quantity of longitudinal reinforcement is required in the bottom of the cast-in-place beam core in order to ensure that the flexural strength of the beam core is great enough to cause the composite section to crack away from the beam end, thus permitting this desirable spread of yielding during positive bending moment.
(b) Deliberate dehonding of the interface of the cast-in-place and precast concrete in the potential plastic hinge region results in a larger potential plastic hinge length in the cast-in-place core and no damage to the precast concrete U-beam during seismic loading. However, since satisfactory ductile behavior can be obtained without debonding the potential plastic hinge region, the extra cost of the debonding operation can only he justified if damage during severe seismic loading is unacceptable.
(e) The dependable flexural strengths of the composite beams for both positive and negative bending moment at the column face were found to be that given by the cast-in-place reinforced concrete beam core alone. The maximum flexural strengths required for beam overstrength considerations, for the determination of the design shear force, were found to be given by the composite beam for negative moment and by the cast-in-place reinforced concrete beam core alone for positive moment.
(d) Close spacing of stirrup ties in the potential plastic hinge region of the beam near the column face was essential to prevent sliding shear of the beam along a vertical crack at the column face. A spacing of stirrup ties in the beams of 0.44h, was too large since it resulted in serious sliding shear along the vertical crack at the column face, whereas a spacing of 0.18h, prevented sliding shear, where h, is the overall depth of the beam core.
(e) The design of shear in the potential plastic hinge zone of the beam should be based on shear carried by the beam core alone, and the stirrup ties should be capable of resisting the total shear force by truss action.
(f) The shear stresses at the interface between the precast concrete U-beam and cast-in-place concrete core should be checked. In the units designed for seismic loading the calculated imposed interface shear stress, assuming composite action at the ultimate load, was slightly in excess of 0.55 MPa (80 psi). The interior surface of the precast Ubeams had been roughened with an amplitude of typically 3 mm (0.12 in.). The application of a limit of 0.55 MPa (80 psi) for the calculated interface shear stress outside the plastic hinge zone for these units appeared to result in satisfactory behavior.
4. A general conclusion from the tests is that Units 1 and 3 which were designed for seismic loading would indeed be satisfactory for use in ductile seismic resisting frames, but that Unit 2 which was designed without the special provisions for seismic loading would be suitable for nonseismic resisting frames in structures where seismic loads are carried by walls or other structural systems.
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APPENDIX A -SEISMIC DESIGN RECOMMENDATIONS
Seismic design provisions for castin-place reinforced concrete frames incorporating precast prestressed concrete U-beam shells, subjected to gravity and seismic loading, are not fully covered by design codes in New Zealand$ or the United States.' Supplementary seismic design recommendations are made below where necessary to take into account the presence and directional influence of the precast concrete U-beam during severe seismic loading.
Al Flexural Strength of Beams
The dependable flexural strength of the beams should be at least equal to that required by the factored (ultimate) gravity and seismic loads:
where the strength reduction factor 0 for flexure is 0.9, and the ideal (nominal) flexural strength should be calculated as follows: 
CAST-/N-PLACE CONCRETE BEAM CORE h (c) Positive Moment (dl Negative Moment
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Cast-in-place concrete core 'as t concrete U-beam
(and
Region of degradation of bond between core
Column U-henrn In complying with the code requirements for the longitudinal steel ratios, and other design parameters, the beam section dimensions are required. The width of the compression face b, the effective depth d, and the overall depth h, all depend on the moment direction and the location of the section in the beam, and are defined in Fig. Al .
The precast U-beam should contain some top longitudinal steel so that it has adequate negative moment strength at the ends of the beam. This is to avoid possible failure of the type shown in Fig. A2 if the bond between the precast U-beam and the cast-in-place beam core, and the seating of the precast beam at the column face are lost.
A2 Length of Potential Plastic Region in Beams
In the design of beams that may form plastic hinges during seismic Ioading, the special detailing requirements for ductility specified by the code should extend over a potential plastic hinge region of length equal to twice the beam depth. This length represents the likely region of yielding of the longitudinal reinforcement. It is suggested conservatively that the beam depth here be defined as the full depth of the composite beam section.
A3 Shear Strength of Beams
The dependable shear strength of the beams should be at least equal to that required by the factored (ultimate) gravity loads:
The strength reduction factor çb for shear is 0.85. The shear stress v { is the total ideal shear stress resisted by the concrete mechanisms (vt ) and the truss mechanism of the shear reinforcement A further seismic design requirement is that the ideal shear strength should he at least equal to that associated with the overstrength beam moments and the factored gravity loads:5 v, b,nd -V,;
In the potential plastic hinge regions at the ends of the beams only the castin-place reinforced concrete beam core should be relied upon to provide shear resistance, and all design parameters are related to that core section. The dimension b used in the shear equations could be taken as the mid-depth width of the in-place core and the dimension d is as defined in Fig. Ala and b .
In the potential plastic hinge region the shear reinforcement in the cast-inplace concrete beam core should be designed to resist all the shear force. That is, v, = 0 should be assumed in this region, due to degradation of the concrete shear resisting mechanisms during reversals of severe seismic loading.
Away from the potential plastic hinge regions shear will be resisted by the composite section and the shear force can be allocated to both the concrete and to the shear reinforcement. The composite section values for d defined in The determination of the shear force V is illustrated in Fig. A3 for the case where the plastic hinges form at the ends of the beam. The overstrength beam moments should be taken as:
where a = 1.25 includes the effect of strain hardening of reinforcement and the possibility that the actual yield strength is higher than specified, andMI = ideal (nominal) flexural strength is based on either the cast-in-place concrete core for positive moment or the full composite section for negative moment. The use of these overstrength moments will ensure that the probability of shear failure is sufficiently low. The transverse reinforcement in the potential plastic hinge regions should also be adequate to confine the compressed concrete and to prevent premature buckling of the compression reinforcement. In potential plastic hinge regions where moment reversal can cause the nonprestressed longitudinal bars to yield both in tension and compression at the top and bottom of the beam core, the maximum permitted center to center spacing of stirrup ties is the smaller of 150 mm (5.9 in.) or six longitudinal bar diameters ord/4, where conservatively d is the effective depth of beam core. ' Also, the yield force of the leg of the stirrup tie should be at least equal to one-sixteenth of the yield force of the compressed longitudinal bar or bars it is to laterally restrain multiplied by (s/100), where s is the spacing of stirrup ties in mm (1 mm = 0.039 in.).
A4 Interface Shear Stresses of Beams
The composite action of the section is ignored in the potential plastic hinge region due to degradation of bond between the precast and in-place concrete interfaces during reversals of severe seismic loading. Nevertheless, the interface shear stresses should be checked to ensure that they are not excessive. The interface shear stress has components from horizontal and vertical shear stresses.
In general design the interface horizontal shear stress 0,d" can be found from the factored (ultimate) shear force at the section using:
where d is the effective depth of the composite section and b, is the total "width" of the interface.
As an approximation by = 2h { + b;, where h{ is the depth of near vertical inside face of the U-section and b, is the width of horizontal inside face of the U-section. Note that this is a simplistic approach to the more complex real behavior of the U-shaped interface. The strength reduction factor ¢ is 0.85. In seismic design the interface horizontal shear stress can be found from:
where V is the vertical shear force associated with the overstrength beam moments and the factored gravity loads.
The vertical shear stress at the interface, cdn , originating from the U-beam and floor system dead weight and the imposed live loading supported by the floor .system, should also be considered. If the seating of the U-beam ends at the column face is lost, through spalling of the seating concrete, these gravity loads are transferred from the U-beam entirely via the interface to the in-place concrete beam core (and then out to the columns supporting the beam core). In many cases the vertical shear stress due to gravity load ingv , is small enough to be ignored.
The vector sum of the average horizontal shear stress v, and the vertical shear stress v,,, should not exceed the permitted value. For interfaces which have no cross ties but have the contact surfaces cleaned, are free of laitance, and are intentionally roughened to a full amplitude of 5 mm (0.2 in.), the permitted shear stress could be taken as 0.55 MPa (80 psi).
Then the shear stress requirement is:
A5 Columns and Beam-Column Joint Cores
The seismic design procedures used for ductile moment resisting reinforced concrete frames can be used for columns and beam-column joint cores.
APPENDIX B -DESIGN EXAMPLE
This Appendix contains a design example showing how the design recommendationscan be used to design a typical beam in a cast-in-place moment resisting reinforced concrete frame incorporating precast prestressed concrete U-beam shells, subjected to gravity and seismic loading.
B1 The Structure
The beam to be designed is shown in mic forces applied to the frames, the bending moments in the interior beam at the column centerlines are found to be ± 477 kN-m (352 kip-ft).
B2 U-Beam Supporting Dead Loads
The precast U-beam during the construction of the structure supports its own dead load plus the dead load of the precast floor system plus the dead load of the fresh cast-in-place concrete during construction, totalling: D = 3.1 + 4.3 + 27.7 = 35.1 kNhn (2.40 kips/ft) The span will be propped during construction (see Fig. B4 ). The span between props is:
Z=6.00-2x0.625 =4.75m(15.6Ii) The maximum service load moment at 
Bending Moments
It will be assumed that the dead load is carried by the beam as if it is simply supported at the column centerlines, and that the live load and earthquake load are carried by the beam as part of the continuous frame. The bending moments for the loading case U = 1.4D + 1.7L will be found with live load on all spans.
This assumes that sufficient moment redistribution can occur for the pattern loading case (that is, the live load present on alternate spans only) to be disre- garded. This is a reasonable assumption since the sections are designed for ductility, and in any case the moments due to seismic loading are much greater than the moments due to gravity loading. For load case U = 1.4D + 1.7L (see 
Design for Flexure
The maximum moments at the column faces of 426 kN-m (314 kip-ft) and -408 kN-m (-301 kip-ft) are to be resisted by the in-place concrete beam core alone. Use equal areas of top and bottom longitudinal nonprestressed steel, and assume a steel couple to provide the moment capacity, then: The top 24 mm (0.94 in.) diameter longitudinal bars can be cut off within the span as shown in Fig. B5d , according to the bending envelope and the required development lengths. A minimum of two bars must extend through the span. The two 28 mm (1.10 in.) bars extending through the span will need to be lap spliced at midspan. 
Shear Design for Overstrength Beam Moments
The maximum design shear force for load case involving seismic loading (see The spacing is not to exceed d/2 = 684/2 = 342 mm (13.5 in.). Therefore, use 12 mm (0.94 in.) diameter Grade 275 stirrups at250 mm (9.8 in,) centers.
Note: Shear design for loading case U = 1.41) + 1.7L will not be more critical.
Check of Interface Shear Stress
Assume that the contact surface is clean, free of laitance and intentionally roughened to a full amplitude of 5 mm (0.2 in.) and that the permitted interface shear stress when the beam overstrength moments develop is 0.55 MPa (80 psi). The shear force diagram is shown in Fig. B6 .
Horizontal interface shear stress is found from Eq. (A6), where h" = 500 + 206 + 500 = 1206 mm Therefore, the total imposed shear stress at interface is satisfactory. Note that with regard to the question of interface shear in seismic overstrength design where the shell beam in the plastic hinge areas is ignored, it could be said that interface shear capacity has degraded to zero and cannot be relied upon. Therefore, the maximum shear force for the interface shear stress check might be considered as the maximum shear of the composite beam shear design that is at the end of the plastic hinge region adjacent to the composite midspan region.
In seismic design where there is a significant shear gradient along the beam it would be more economic and justifiably safe to approach the interface check in this manner. In pure gravity load design the interface shear check reverts hack to the shear force at d from the column face. In the above example then the horizontal interface shear would be 311 kN (70.0 kips) rather than 411 kN (92.5 kips) (Fig.  S6) , resulting in an interface stress of 0.38 MPa (55 psi).
Cast-in-Place Topping Slab
The cast-in-place topping slab needs to act as a diaphragm to transfer to the frame system the seismic forces originating from the mass of the floor and the loads placed on it. The reinforcement placed in the two directions in the topping slab should not be less than that required by the code for shrinkage and temperature reinforcement in slabs. 
APPENDIX C -NOTATION
